Alkoxyalkyl esters of cidofovir (CDV) have substantially greater antiviral activity and selectivity than unmodified CDV against herpesviruses and orthopoxviruses in vitro. Enhancement of antiviral activity was also noted when cyclic CDV was esterified with alkoxyalkanols. In vitro antiviral activity of the most active analogs against human cytomegalovirus (HCMV) and orthopoxviruses was increased relative to CDV up to 1,000-or 200-fold, respectively. Alkyl chain length and linker structure are important potential modifiers of antiviral activity and selectivity. In this study, we synthesized a series of alkoxyalkyl esters of CDV or cyclic CDV with alkyl chains from 8 to 24 atoms and having linker moieties of glycerol, propanediol, and ethanediol. We also synthesized alkyl esters of CDV which lack the linker to determine if the alkoxyalkyl linker moiety is required for activity. The new compounds were evaluated in vitro against HCMV and murine CMV (MCMV). CDV or cyclic CDV analogs both with and without linker moieties were highly active against HCMV and MCMV, and their activities were strongly dependent on chain length. The most active compounds had 20 atoms esterified to the phosphonate of CDV. Both alkoxypropyl and alkyl esters of CDV provided enhanced antiviral activities against CMV in vitro. Thus, the oxypropyl linker moiety is not required for enhanced activity. CDV analogs having alkyl ethers linked to glycerol or ethanediol linker groups also demonstrated increased activity against CMV.
Cidofovir (CDV), an acyclic phosphonate analog of dCMP, is an antiviral agent that is active against all double-stranded DNA viruses including herpes simplex, cytomegalovirus (CMV), orthopoxviruses, adenovirus, Epstein-Barr virus, polyomavirus, and papillomavirus (9) . CDV is not orally active but is effective when administered intravenously for CMV retinitis in patients with AIDS (8, 19) . Esterification of CDV with certain alkoxyalkanols dramatically increases the antiviral activity and selectivity of CDV in vitro (2, 11, 13, 15) and confers oral bioavailability (4, 5, 6, 14, 20) . Hexadecyloxypropyl-CDV (HDP-CDV) and various other alkoxyalkyl CDV esters are orally active in three lethal challenge models of poxvirus disease (5, 20) and in animal models of CMV disease (4, 14) .
The alkyl chain length of these CDV analogs is related to solubility and the ability of the compounds to associate with biomembranes. To examine the effect of structure on antiviral activity and selectivity of alkoxyalkanol-CDV analogs against CMV, we synthesized a family of alkoxypropylCDVs and -cyclic CDVs (cCDVs) varying in overall chain length from 8 to 24 atoms. The nature of the linker group is also important because it may strongly affect the rate of cellular metabolic conversion to CDV. We synthesized several representative analogs having propanediol, ethandiol, or glycerol linkers to assess the effect of the linker structure. Finally, we also synthesized and evaluated a series of alkylCDVs lacking the linker.
The various CDV and cCDV analogs were tested in vitro for antiviral activity against the AD-169 strain of human CMV (HCMV) and the Smith strain of murine CMV (MCMV). Cytotoxicity was assessed and selectivity was determined. The antiviral activity and selectivity of the analogs were highly dependent on the number of atoms in the attached ester. Linkers consisting of glycerol, ethanediol or propanediol were all effective but were not required for enhanced antiviral activity.
MATERIALS AND METHODS

General.
1 H and 31 P nuclear magnetic resonance (NMR) spectra were recorded on a Varian HG-400 spectrometer with tetramethylsilane (internal) and 85% D 3 PO 4 in D 2 O (external) as references for 1 H and 31 P (0.00 ppm), respectively. Electrospray ionization mass spectroscopy (ESI) was performed by HT Laboratories (San Diego, Calif.). Chromatographic purification was done by the flash method with Merck silica gel 60 (240 to 400 mesh). All final products were homogeneous by thin-layer chromatography performed on Analtech 250-m Silica Gel GF Uniplates visualized under UV light, with phospray (Supelco, Bellafonte, Pa.), and by charring (400°C). Cyclic cidofovir dihydrate was provided by Gilead Sciences, Inc. (Foster City, Calif.). Bromoalkanes and bromoalkoxyalkanes were either commercially available or synthesized from the corresponding alcohol as previously described (2) . All other chemicals were of reagent quality and used as obtained from the suppliers. All reactions were carried out in an inert atmosphere (dry nitrogen).
Esterification procedure A. The appropriate 1-bromoalkane (or 1-bromoalkoxyalkane) (1.2 eq) was added to a suspension of cCDV dihydrate, N,Ndicyclohexyl-4-morpholino-carboxamidine (1.1 eq) and N,N-dimethylformamide (10 ml/mmol), and the mixture was heated to 60°C and stirred magnetically overnight. The solvent was then evaporated under reduced pressure, and the residue was adsorbed onto silica gel and purified by flash column chromatography (elution gradient, CH 2 Cl 2 to 15% EtOH). The cCDV esters were isolated as equimolar mixtures of the axial and equatorial diastereomers. The following compounds were prepared by using procedure A (Fig. 1) .
(i) Octyl cyclic cidofovir. ϩ . Esterification procedure B. Some of the analogs were made by using an alternative procedure. Anhydrous cCDV (1 eq), the appropriate alkoxyalkanol (or alkanol; 2 eq), and triphenylphosphine (2 eq) were dissolved or suspended in anhydrous N,N-dimethylformamide (6.5 ml per mmol of cCDV) and stirred vigorously under a nitrogen atmosphere. Diisopropyl azadicarboxylate (2 eq) was then added in three portions over 15 min before the mixture was allowed to stir overnight. The solvent was then evaporated under vacuum, and the residue was adsorbed onto silica gel and purified by column chromatography. Gradient elution from 100% CH 2 Cl 2 to 15% EtOH was followed by recrystallization from p-dioxane. The coupled products were isolated as equimolar mixtures of axial and equatorial diastereomers. The following compounds were prepared by using procedure B. 
General ring-opening procedure. The alkoxyalkyl-or alkyl-cCDV analogs were suspended in 2 M NaOH (25 ml/mmol). The suspensions were heated to 80°C and stirred for 1 h, during which the mixtures became clear. After hydrolysis, the solutions were cooled to 25°C and acidified with glacial acetic acid (pH approximately 5). The resulting precipitates were collected by vacuum filtration and dried under vacuum. The crude products were purified either by flash column chromatography (eluant, CH 2 Cl 2 -20% MeOH) or recrystallized to purity from ethanol (2). Yields and analytical results are provided.
(i) Octyl cidofovir, sodium salt. 
Determination of antiviral activity and drug cytotoxicity. (i) Cell cultures and viruses.
Human foreskin fibroblast (HFF) cells and mouse embryo fibroblast (MEF) cells were prepared as primary cultures and used in the HCMV and MCMV assays. Cells were propagated in minimal essential medium (MEM) containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 U of penicillin per ml and 25 g of gentamicin per ml in T-175 cm 2 tissue culture flasks (BD Falcon, Bedford, Mass.) until used in antiviral assays. HCMV strain AD-169 and MCMV strain Smith were propagated by using standard virological techniques.
(ii) Neutral red uptake assay for cytotoxicity. HFF cells were seeded into 96-well tissue culture plates at 2.5 ϫ 10 4 cells/well. After a 24-h incubation, medium was replaced with MEM containing 2% FBS, and drug was added to the first row and then diluted serially fivefold from 100 to 0.03 M. The plates were incubated for 7 days, and cells were stained with neutral red and incubated for 1 h. Plates were shaken on a plate shaker for 15 min, and neutral red was solubilized with 1% glacial acetic acid-50% ethanol. The optical density was read at 540 nm. The concentration of drug that reduced cell viability by 50% (CC 50 ) was calculated by using computer software. MEF cells were stained with neutral red and evaluated visually with a stereomicroscope at ϫ10 magnification. No toxicity was observed in the MCMV assays at the concentrations tested.
(iii) Plaque reduction assay for antiviral activity. HFF or MEF cells were placed into 6-or 12-well plates and incubated at 37°C for 2 days (HFF) or 1 day (MEF). Ganciclovir and CDV were used as positive controls. Virus was diluted in MEM containing 10% FBS to provide 20 to 30 plaques per well. The medium was aspirated, and 0.2 ml of virus was added to each well in triplicate with 0.2 ml of medium added to drug toxicity wells. The plates were incubated for 1 h with shaking every 15 min. Drug was serially diluted 1:5 in MEM with 2% FBS starting at 100 M and added to appropriate wells. Following a 7-day incubation for MCMV, or 8 days for HCMV, cells were strained for 6 h with 2 ml of 5.0% neutral red in phosphate-buffered saline. The stain was aspirated, and plaques were counted by using a stereomicroscope at ϫ10 magnification. By comparing drug-treated with untreated wells, 50% effective concentrations (EC 50 s) were calcuated in a standard manner.
RESULTS
Effect of alkyl chain length.
We synthesized a series of ether lipid CDV esters based on the propanediol linker with alkyl chains ranging from 8 to 20 carbon atoms (in addition to the 3 carbons of propyl and the oxygen heteroatom), making the total number of atoms, beyond the CDV phosphonate oxygen, range from 12 to 24. The antiviral activities against HCMV and MCMV were assessed for CDV and cCDV analogs (Table 1) . In Table 1 , note that the EC 50 s are in nanomoles/liter while the CC 50 values are in micromoles/liter. Analogs having short alkyl chains of 12 to 16 atoms were not highly active, with EC 50 s of Ͼ1,000 to 10 nM. The most active compound was HDP-CDV with an EC 50 versus HCMV and MCMV of 0.9 nM (20 atoms). As the alkyl chain is lengthened beyond 20 atoms, antiviral activity declines sharply. For example, the longest chain tested, eicosyloxypropyl-CDV (24 atoms), was roughly 1.5 logs less active than HDP-CDV, with an EC 50 s of 34 (HCMV) and 67 nM (MCMV). Against both HCMV and MCMV, a clear optimum in antiviral activity is seen at 20 atoms, with antiviral activity declining markedly with either shorter or longer chains. Generally similar results were noted with cCDV except that cCDV analogs are generally less active than CDV derivatives (Table 1) . 658 WAN ET AL. ANTIMICROB. AGENTS CHEMOTHER.
Effect of introducing an unsaturation in the alkyl chain. Compounds with long saturated alkyl chains generally lack fluidity which, in turn, may affect the physical and biochemical behavior of the molecule. Alkyl chains having one or more unsaturations are generally highly fluid with transition temperatures substantially lower than their saturated congeners. We synthesized ether lipid analogs having an 18 carbon chain with a 9,10 cis double bond, 1-oleyloxypropyl-CDV (OLP-CDV) or 1-O-oleyloxyethyl-CDV (OLE-CDV), and compared their antiviral activities and selectivities with the corresponding saturated 18 carbon analogs of CDV or cCDV. Against HCMV and MCMV, both ODP-CDV and OLP-CDV were equally active with EC 50 s of 1.5 to 3.0 nM and 1.5 to 4.0 nM, respectively, while 1-O-octadecyloxyethyl-CDV (ODE-CDV) and OLE-CDV were essentially equally active against both viruses (Table 1) . OLE-cCDV was more active than ODE-cCDV against HCMV, with an EC 50 of 1.5 versus 43 nM. A similar trend was noted with OLP-cCDV and ODP-cCDV which had EC 50 s of 2.5 versus 6 nM for HCMV and 7 versus 50 nM for MCMV. The selectivity indexes of the unsaturated cCDV compounds, OLP-cCDV and OLE-cCDV, was generally higher than for their noncyclic counterparts (Table 1) . Table 1 ). The selectivity indexes for ODP-CDV, ODE-CDV, and ODBG-CDV were 29,300, 2,000 and 15,700, respectively, compared with Ͼ264 for CDV. Generally similar results were noted for these analogs against MCMV. However, ether lipid analogs of cCDV were slightly less active with EC 50 s for ODP-cCDV, ODE-cCDV, and ODBG-cCDV ranging from 6 to 43 nM against HCMV and 3 to 50 nM versus MCMV (Table 1) . With the cCDV analogs, selectivity indexes were generally lower than observed for the corresponding analogs of CDV. Selectivity index values for ODP-cCDV, ODE-cCDV, and ODBG-cCDV ranged from 2,000 to 29,300 for HCMV. Thus, it seems clear that alkyl ether esters of either propanediol, ethanediol, or 2-sn-substituted glycerol serve equally well as the ether lipid moiety.
Effect of absent linker group. To assess the importance of the oxygen atom in the alkoxyalkyl chain, we synthesized a matched series of straight chain alkyl ethers of CDV and cCDV and compared their activities with the corresponding alkyloxypropyl-CDVs and alkyloxypropyl-cCDVs. Alkyl esters of CDV were highly active and selective. The most active compound was eicosyl-CDV (EC-CDV) with EC 50 s versus HCMV and MCMV of 0.7 nM and 5 nM, respectively ( Table  1 ). The cCDV series was less active. EC-cCDV had an EC 50 of 14 nM versus HCMV and 230 nM against MCMV. HexadecylcCDV also had significant activity (Table 1) .
To compare the antiviral activities of the alkyloxypropylCDVs and the alkyl-CDVs (no linker CDVs), we plotted their antiviral activities against HCMV ( Fig. 2A) and MCMV (Fig.  2B ) versus the number of atoms linked to CDV. Surprisingly, the antiviral activities of the two classes of analogs against HCMV were nearly identical. There is a broad optimum between 18 to 22 atoms, with maximal activity noted for both types of compounds at chain lengths of 20 atoms (HDP-CDV and EC-CDV). HDP-CDV, ODE-CDV, and EC-CDV have subnanomolar EC 50 s versus HCMV (0.9, 0.9, and 0.7 nM). Similar results were noted against MCMV, except that the no linker series is somewhat less active. HDP-CDV was the most active anti-MCMV compound with an EC 50 of 0.9 nM.
DISCUSSION
The alkyloxypropyl-, alkyloxyethyl-, and alkylglycerol-CDV and -cCDV analogs described above were designed to resemble lysophosphatidylcholine (LPC), a dietary lipid which is absorbed from the gastrointestinal tract substantially unchanged (21) . We have assumed that the oxygen heteroatom that is two or three carbon atoms from CDV is essential to provide a resemblance to LPC and also as a potential metabolic cleavage site. We deliberately changed the alkyl ester at the sn-1 position of LPC to an ether to prevent cleavage by carboxyl ester hydrolase, a pancreatic digestive enzyme with lysophospholipase activity (17) .
The structure-activity data clearly show that the antiviral activities against HCMV and MCMV are strongly depen- dent on the length of the alkyl or alkoxyalkyl ester attached to the phosphonate of CDV with optimal activity obtained at 20 atoms (Table 1 and Fig. 2 ). In the alkoxyalkyl series, linkers of propanediol, ethanediol, and glycerol having long chain alkyl ether residues are all effective; adding a double bond in the alkyl chain either has no effect or tends to increase antiviral activity and selectivity. Surprisingly, straight alkyl chains are equally active when matched for the number of atoms linked to the phosphonate of CDV (Fig.  2) . Similar results were obtained when these analogs of CDV were evaluated in vitro against orthopoxviruses (13) and various strains of adenovirus (11) . Similar effects of alkyl chain length were also noted in our previous studies on the antiviral activity of alkyloxypropyl-and alkylthiopropylesters of phosphoformate against human immunodeficiency virus type 1, herpes simplex virus type 1, and HCMV in vitro (3, 16) . We designed the alkoxyalkyl CDV analogs to provide a metabolism site and to mimic the ether glycerophospholipids which are naturally occurring components of cell membranes and have well-defined metabolic conversions. Highly effective CDV analogs, such as HDP-CDV, are taken up into cells and metabolized to the active metabolite, CDV-diphosphate, much more avidly than unmodified CDV. Cellular levels of CDVdiphosphate are 100 times greater after 48 h of exposure to HDP-CDV relative to that observed with CDV (1). The data in Table 1 suggest that this is probably also the case with the highly active alkyl CDV analogs such as EC-CDV. In contrast, unmodified CDV gains entry to the cell very slowly by fluid phase endocytosis, a process with a limited transport capacity (7) .
Regarding the mechanism of enhanced antiviral action, we hypothesize that the short chain analogs of CDV are relatively inactive because they are water soluble and have a very limited capacity to self-associate with the plasma membrane of the cell. However, the highly active analogs having 16 to 22 atoms in the chain are believed to insert spontaneously into the outer leaflet of the plasma membrane and are subsequently transferred to the inner leaflet either spontaneously or by the action of a "flippase" (10, 12) . Once in the inner leaflet of the plasma membrane, the highly active CDV analogs desorb spontaneously or under the action of cellular lipid transfer proteins and are metabolized by cellular esterases in a phospholipase C-like transformation which releases CDV intracellularly (18) . We propose that the long chain CDV analogs have less antiviral activity due to one or more of the following: poor cell association, slow transbilayer movement due to reduced fluidity, and slower metabolism to CDV inside the cell. Once released by cellular enzymatic action, CDV is metabolized by cellular enzymes that catalyze anabolic phosphorylation to CDV-diphosphate, the active metabolite (1) .
Alkoxyalkyl esters of CDV are orally bioavailable, presumably because of their resemblance to LPC (6, 18) , and are orally active in lethal challenge models of orthopoxvirus disease (5, 20) and in models of CMV disease (4, 14) . The oral bioavailability of the straight chain alkyl esters of CDV (no linker series) has not yet been evaluated. Clearly, these novel prodrug approaches are worth pursuing for CDV. The same strategy can be readily applied to other antiviral and antiproliferative acyclic phosphonate nucleosides.
